Introduction
============

Differences in the special and temporal distribution of oxygen generate variable microenvironmental conditions within the tumor. Most solid tumors tend to have a slightly acidic, hypoxic, and a more complex microenvironment compared to the normal tissue.[@b1-ott-11-6879],[@b2-ott-11-6879] This microenvironment may influence tumor cell growth dynamics.[@b3-ott-11-6879]--[@b5-ott-11-6879]

In a previous study, we reported that the complex tumor microenvironment conditions in osteosarcoma cells affect the expression of genes related to tumor proliferation, migration, invasion, metabolism, and viability in an additive manner.[@b6-ott-11-6879] Hypoxia and acidity were the major factors that affected the expression of tumor survival-related genes. It has been shown that hypoxia suppresses apoptosis, increases metastatic potential, and enhances resistance to chemotherapy and radiation therapy, thus contributing to tumor progression and survival.[@b7-ott-11-6879],[@b8-ott-11-6879]

Carbonic anhydrase IX (CA IX) is one of the transmembrane enzymes which is induced by hypoxia.[@b9-ott-11-6879] Its expression is regulated by hypoxia-inducible factor (HIF)-1α. Several tumor cells express membrane-bound CA IX. Despite recognizing that the expression of HIF-1α and CA IX in tumors correlate with poor patient survival, the role of CA IX in tumor growth, especially osteosarcoma, is not fully resolved.

According to a previous report, CA IX is overexpressed in a wide variety of solid tumors, but not in normal human tissues.[@b10-ott-11-6879] The primary enzymatic function of CA IX is to catalyze the reversible hydration of carbon dioxide to bicarbonate and protons. CA IX also acts as a catalytic converter for the excretion of acids from cells. In addition to this role, CA IX contributes to cell proliferation, adhesion, and migration, which are essential for the metastatic progression of several cancers.[@b3-ott-11-6879]--[@b5-ott-11-6879] However, the role of CA IX in osteosarcoma progression is unclear. In this study, we investigated the effect of CA IX under hypoxia and normoxia in human osteosarcoma cell line -- SaOS2. Furthermore, we evaluated the expression of CA IX in 27 patients with osteosarcoma of the lower limb using biopsy tissue samples.

Materials and methods
=====================

Cell culture and growth curves
------------------------------

Human osteosarcoma cell line, SaOS2 (RCB0428; Riken BioResource Center Cell Bank, Tsukuba, Japan), was used for this study. SaOS2 cells were cultured in McCoy's 5A medium supplemented with 15% FBS. To analyze the effect of different microenvironmental oxygen conditions on cell growth, SaOS2 cells (5.0×10^2^/well) were cultured under hypoxic (1% O~2~) or normoxic (21% O~2~) conditions at 37°C with 5% CO~2~ and 95% humidity in 96-well tissue culture plates. A hypoxic incubator (CPO~2~-2301; Hirasawa Works, Tokyo, Japan) was used for cell culture. Hypoxia was achieved by using nitrogen-flushed hypoxic chambers. The culture medium was changed once every 2 days. MTS assay using CellTiter 96^®^ AQueous One Solution Cell Proliferation Assay (G3581; Promega Corporation, Fitchburg, WI, USA) was performed to assess tumor cell viability.

Western blotting
----------------

The expression of the CA IX protein was analyzed by Western blotting. SaOS2 cells were cultured under 1% or 21% O~2~ for 48 hours. Proteins were extracted from homogenized cells and separated by SDS-PAGE. Samples were adjusted to the same protein concentration before loading. Proteins were blotted on to a polyvinylidene difluoride membrane (EMD Millipore, Billerica, MA, USA) and incubated with primary mouse monoclonal anti-CA IX (M75; BioScience, Bratislava, Slovakia) antibody (1:500 in 5% skim milk with Tris-buffered saline \[pH 8.3\]) for 12 hours at 4°C. The membrane was then washed five times and incubated for 1 hour with anti-mouse IgG (Bio-Rad Laboratories Inc., Hercules, CA, USA; 1:2,000 in 1% BSA in PBS). After washing, the bands were visualized using the enhanced chemiluminescence Western blotting detection system (GE Healthcare UK Ltd, Little Chalfont, UK) and imaged using an ImageQuant LAS-4000 (Fujifilm, Tokyo, Japan).[@b11-ott-11-6879],[@b12-ott-11-6879]

The effect of inhibiting CA IX on cell proliferation
----------------------------------------------------

SaOS2 cells (5.0×10^2^/well) were cultured in medium supplemented with 15% FBS under 1% or 21% O~2~ in 96-well tissue culture plates. After 96 hours, the cells were treated with 10 µM 215900 (Calbiochem; EMD Millipore), a CA IX inhibitor. Cell viability was assayed 96 hours after treatment by MTS method.

Effect of combined CA IX inhibitor -- doxorubicin treatment
-----------------------------------------------------------

SaOS2 cells (5.0×10^2^/well) were cultured under 1% or 21% O~2~ in 96-well tissue culture plates. After 96 hours, the cells were treated with various concentrations (0.01, 0.1, 1, or 10 µM) of doxorubicin with or without 10 µM 215900 for 24 hours. After an additional 96 hours, cell viability was assayed by the MTS method.

Cell migration assay
--------------------

Transwell chambers containing a polycarbonate membrane (Falcon^®^ Cell culture Inserts; 8 µm pore size; 24-well plate) were used for the migration assay. SaOS2 cells (5.0×10^2^/well) were cultured under 1% or 21% O~2~ in 96-well tissue culture plates for 7 days. The cells were then seeded into the upper chamber of the transwell chamber and incubated for 24 hours with or without 10 µM 215900. The cells that migrated across the membrane were quantified following the manufacturer's protocol (Falcon Cell culture).

Expression of the CA IX protein in patients with osteosarcoma
-------------------------------------------------------------

This study was approved by the institutional review board of Mie University Hospital, and written informed consent was obtained from all patients. We also acquired a written informed consent from a parent or a legal guardian for patients younger than 18 years. Twenty-seven patients (13 males and 14 females) with osteosarcoma of the lower limb were recruited. The mean age was 33 years (range, 5--81 years). Tumor sites were femur in 23 patients and tibia in four patients. The mean tumor size was 10 cm (range, 4--22 cm). Tissue samples were obtained before the initial treatment. The tumors were surgically resected in all patients except one who received chemotherapy alone. Adjuvant chemotherapy using doxorubicin, cisplatin, and methotrexate with or without ifosfamide was administered to 24 patients. The mean follow-up after initial treatment was 76 months (range, 3--206 months). Tissue samples were fixed in 10% buffered formalin solution and embedded in paraffin 24 hours later. Sections from two separate tumor areas were immunostained for CA IX (M75; mouse monoclonal antibody; BioScience). The expression of CA IX was evaluated microscopically. We excluded necrotic areas from the evaluation. The expression of CA IX was assessed by two parameters -- the stained nuclear area of tumor cells (0--3 points) and the intensity of staining (0--3 points) according to the previous study.[@b13-ott-11-6879] The maximum score was 6, which reflects very high expression. We defined a score of 3 or higher as high expression.

Statistical analyses
--------------------

All in vitro experiments were carried out in triplicates. A non-parametric ANOVA test (Mann--Whitney test) was used to compare differences between two groups. Overall survival was defined as the time from initial treatment to the date of death or final follow-up. The log-rank test was used for the analysis of prognostic factors. *P*-values are indicated in the figures. *P*-value \<0.05 was considered statistically significant. Analyses were performed using SPSS statistical software (IBM Corporation, Armonk, NY, USA).

Results
=======

Expression of CA IX and effect of CA IX inhibitor under different oxygen concentrations in SaOS2 cells
------------------------------------------------------------------------------------------------------

Growth curves of SaOS2 cells in 1% and 21% oxygen are shown in [Figure 1A](#f1-ott-11-6879){ref-type="fig"}. There was no difference in cell growth between these two oxygen concentrations. Western blotting showed that CA IX expression was higher under hypoxic conditions ([Figure 1B](#f1-ott-11-6879){ref-type="fig"}). The proliferation rate of SaOS2 cells in each oxygen concentrations with or without the CA IX inhibitor is shown in [Figure 1C](#f1-ott-11-6879){ref-type="fig"}. The CA IX inhibitor, 215900 (10 µM), significantly suppressed cell proliferation under the hypoxic condition.

Chemoresistance in hypoxia and the effect of the CA IX inhibitor
----------------------------------------------------------------

Treatment with doxorubicin significantly decreased cell viability in SaOS2 cells cultured in normoxic and hypoxic conditions in a dose-dependent manner ([Figure 2](#f2-ott-11-6879){ref-type="fig"}). The combined treatment with 0.1 µM doxorubicin and 10 µM 215900 significantly decreased the cell viability compared to doxorubicin only treatment under hypoxia ([Figure 3](#f3-ott-11-6879){ref-type="fig"}). The combined treatment did not affect the cell viability significantly under normoxia.

Effect of the CA IX inhibitor on cell migration
-----------------------------------------------

In the Transwell chamber assay, the number of cells migrating through the membrane was significantly higher under hypoxic than normoxic conditions. Although a similar trend was observed with CA IX inhibitor treatment, a treatment-induced reduction in the number of migrating cells was observed under hypoxia ([Figure 4](#f4-ott-11-6879){ref-type="fig"}).

Expression of CA IX in patients with osteosarcoma and the clinical outcome
--------------------------------------------------------------------------

Of the 27 patients recruited for the study, CA IX protein expression was observed in 22 (81%) patients ([Figure 5](#f5-ott-11-6879){ref-type="fig"}). The mean expression score was 2.7 (range, 0--5). A high stain score was observed in 16 patients, while a low or no stain score was seen in 11 patients. Patients with a high stain score had a marginally poor prognosis for overall survival compared to those with a low or no stain score. The 5-year survival rates in patients with high and low stain scores were 43.8% (95% CI, 19.4--68.1) and 81.8% (95% CI, 59--100), respectively (*P*=0.058; [Figure 6](#f6-ott-11-6879){ref-type="fig"}). Age (*P*=0.03) and metastasis at initial presentation (*P*=0.02) were also related to prognosis ([Table 1](#t1-ott-11-6879){ref-type="table"}).

Discussion
==========

Osteosarcoma is the most common primary malignant bone tumor in children and young adults. Surgery and neoadjuvant and adjuvant chemotherapy are the standard initial treatments for osteosarcoma. However, treatment options for recurrent or advanced osteosarcoma are limited. New prognostic factors and markers for refining risk group allocation and improving treatment outcome are therefore urgently needed.

CAs are a large family of zinc metalloenzymes that catalyze the reversible hydration of carbon dioxide. CA IX is a transmembrane protein and a tumor-associated CA isoenzyme. Studies have reported that CA IX is expressed in several cancers, including renal cell,[@b14-ott-11-6879] colorectal,[@b15-ott-11-6879] non-small cell lung,[@b16-ott-11-6879],[@b17-ott-11-6879] cervical,[@b18-ott-11-6879] bladder,[@b19-ott-11-6879] nasopharyngeal,[@b20-ott-11-6879] breast,[@b21-ott-11-6879] and soft tissue sarcoma,[@b22-ott-11-6879] although it is absent in most normal human tissues.[@b23-ott-11-6879]

In this study, CA IX expression was observed in 81% of the patients with osteosarcoma. Furthermore, patients with a high immunohistochemical stain score had a marginally poor prognosis, compared to those with a low stain score. Although a small number of patients were evaluated in this study, we believe that additional research may validate our results.

Only a few reports are available on the CA IX expression in osteosarcoma cells.[@b24-ott-11-6879] In the present study, CA IX was expressed under hypoxic conditions in human osteosarcoma cell line SaOS2. Furthermore, a CA IX inhibitor significantly suppressed the growth of these cells under hypoxic conditions. A previous report showed that selective inhibition of CA IX suppressed cell survival by inducing apoptosis.[@b3-ott-11-6879] CA IX mediates the transport of intracellular H^+^ to the extracellular space to maintain homeostasis in tumor cells.[@b25-ott-11-6879],[@b26-ott-11-6879] CA IX is also reported to have a major role in regulating H^+^ flux, and blocking CA IX is reported to increase cell death.[@b27-ott-11-6879]

Hypoxia may not be the only mechanism by which CA expression is activated in tumors. Signaling through the EGF pathway by phosphorylation of a cytoplasmic tyrosine residue of CA IX may either activate CA IX or enhance its expression by increasing the translation of HIF-1α.[@b28-ott-11-6879] Thus, CA IX may be regulated through several pathways and may affect cell viability and invasiveness.

In recent years, a hypoxic environment has been considered to be related to chemoresistance. Acidification of the solid tumor environment may reduce the activity of weakly basic anticancer drugs and lead to chemoresistance.[@b29-ott-11-6879],[@b30-ott-11-6879] In the present study, the toxicity of doxorubicin was reduced under hypoxic conditions.

Most anticancer agents enter into cells by either active transport or passive diffusion and undergo further metabolism.[@b31-ott-11-6879] Extracellular and intracellular pH affect the transport of the drugs into the cells affecting their cytotoxic activities. Weakly ionized drugs enter the cell by passive diffusion in a non-ionized form. Such drugs tend to be preferentially distributed across compartments where their ionized form dominates across cell membranes.[@b31-ott-11-6879] In addition, the variation in pH affects the toxicity of several drugs through mechanisms that are independent of ionization-dependent diffusion through the cell membrane.[@b31-ott-11-6879]

The suppression of tumor growth induced by the weak base doxorubicin is enhanced by increasing the extracellular pH of tumors after chronic ingestion of a sodium bicarbonate solution.[@b30-ott-11-6879] We used doxorubicin in this study as it is a key chemotherapy agent in the treatment of osteosarcoma. CA IX inhibitors have been previously shown to elicit synergistic effects when used in combination with other chemotherapeutic agents in animal models.[@b32-ott-11-6879] Targeting CA IX using specific inhibitors or antibodies should enhance the action of weakly basic drugs and also reduces the acquisition of metastatic phenotypes by controlling the pH imbalance in tumor cells.[@b33-ott-11-6879] The results of our study demonstrated that the combined use of a CA IX inhibitor and doxorubicin enhanced the cytocidal effects of doxorubicin.

In the current study, treatment with a CA IX inhibitor suppressed tumor migration under hypoxic conditions in vitro. This might be because of the suppression in CA IX-mediated decrease in E-cadherin--β-catenin interactions.[@b34-ott-11-6879] 215900 inhibitor is described as a CA inhibitor that is selective for both human CA IX and CA XII. A recent study had demonstrated that CA XII inhibitor abrogates chemoresistance and significantly reduces lung metastases in in vivo breast cancer model.[@b35-ott-11-6879] A similar CA XII inhibition by 215900 might have contributed to the inhibitory effects observed in this study. Further studies are required to characterize 215900-mediated CA XII inhibition and to elucidate the role of CA XII in human osteosarcoma.

Conclusion
==========

Osteosarcoma patients with a high staining score of CA IX had a poor prognosis. CA IX expression may be used as a potential biomarker high-risk osteosarcoma. This would enable the administration of personalized treatment strategy for high-risk patients, improving the overall treatment outcome in osteosarcoma. Treatment with a CA IX inhibitor suppressed cell proliferation, migration, and chemoresistance. Thus, CA IX inhibitors may be beneficial as combination drugs in the treatment of osteosarcoma. However, further research is necessary to explore the use of CA IX as a bio-marker and to evaluate the therapeutic efficacy of CA IX inhibitors in the clinic.
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![(**A**) SaOS2 growth curves under different oxygen concentrations. (**B**) CA IX expression in SaOS2 cells grown under different oxygen tensions. (**C**) SaOS2 proliferation under different oxygen tensions with or without CA IX inhibitor.\
**Abbreviation:** CA IX, carbonic anhydrase IX.](ott-11-6879Fig1){#f1-ott-11-6879}

![Effect of doxorubicin treatment on cell viability under normoxia and hypoxia.\
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![Effect of the combined CA IX inhibitor--doxorubicin treatment on cell viability.\
**Abbreviations:** CA IX, carbonic anhydrase IX; DOX, doxorubicin; NS, not significant.](ott-11-6879Fig3){#f3-ott-11-6879}

![Transwell migration assay. SaOS2 cells stained with Diff-Quick solution (left), and the number of migrating cells under different oxygen concentrations with or without 10 µM inhibitor (right).\
**Abbreviation:** NS, not significant.](ott-11-6879Fig4){#f4-ott-11-6879}

![Expression of CA IX in patient osteosarcoma tissue samples.\
**Abbreviation:** CA IX, carbonic anhydrase IX.](ott-11-6879Fig5){#f5-ott-11-6879}

![Kaplan--Meier analysis of overall survival in patients diagnosed with osteosarcoma.](ott-11-6879Fig6){#f6-ott-11-6879}

###### 

The prognostic factor for survival

  Variables                        n    5-year OS (%) (95% CI)   *P*-value
  -------------------------------- ---- ------------------------ -----------
  **Age (years)**                                                
  \>20                             15   40 (15.2--64.8)          
  \<20                             12   83.3 (62.2--100)         0.03
  **Sex**                                                        
  Male                             13   61.5 (35.1--88)          
  Female                           14   57.1 (31.2--83.1)        0.86
  **Size (cm)**                                                  
  \>8                              17   52.9 (29.2--76.7)        
  \<8                              10   70 (41.6--98.4)          0.39
  **Metastasis at presentation**                                 
  Yes                              4    25 (0--67.4)             
  No                               23   65.2 (45.8--84.7)        0.02
  **Stain score**                                                
  High (3--6)                      16   43.8 (19.4--68.1)        
  Low (0--2)                       11   81.8 (59--100)           0.058

**Abbreviation:** OS, overall survival.
